It has been argued that genetic instability is required to generate the myriad mutations that fuel tumor initiation and progression and, in fact, patients with heritable cancer susceptibility syndromes harbor defects in specific genes that normally maintain DNA integrity. However, the vast majority of human cancers arise sporadically, in the absence of deficiencies in known ''mutator'' genes. We used a cII-based mutation detection assay to show that the mean frequency of forward mutations in primary mammary adenocarcinomas arising in mouse mammary tumor virus-c-erbB2 transgenic mice harboring multiple copies of the bacteriophage genome was significantly higher than in aged-matched, wild-type mammary tissue. Analysis of the cII mutational spectrum within the mammary tumor genomic DNA demonstrated a >6-fold elevation in transversion mutation frequency, resulting in a highly unusual inversion of the transition͞transversion ratio characteristic of normal epithelium; frameshift mutation frequencies were unaltered. Arising oncogenic point mutations within the c-erbB2 transgene of such tumors were predominantly transversions as well. Data from this model system support the notion that elaboration of a mutator phenotype is a consequential event in breast cancer and suggest that a novel DNA replication͞repair gene is a relatively early mutational target in c-erbB2-induced mammary tumorigenesis.
F
rom the genetic perspective, cancer represents the phenotypic consequence of the accumulation of a minimal number of mutations in genes controlling cell growth, differentiation, and͞or survival. Because this minimal number is likely too large to be accounted for by the relatively low mutation rate characteristic of normal somatic cells, it has been hypothesized that cancer must develop through manifestation of a genetically unstable state, or a ''mutator'' phenotype (1, 2) . Such a state could be achieved through early mutations in genetic stability genes, spawning subsequent mutations throughout the genome over time. This concept has been strengthened by the detection of cancer cell-specific alterations in the lengths of tandem repetitive nucleotide sequences, or microsatellites, infrequently in sporadic and frequently in familial human colorectal tumors (reviewed in ref. 3) . The suggestion that microsatellite instability associated with familial human disorders, such as hereditary nonpolyposis colorectal cancer (HNPCC), was the consequence of defects in mismatch repair genes (4) was realized by the discovery in HNPCC kindreds of inactivating germ-line mutations in hMSH2 and hMLH1, the homologs of the bacterial mismatch repair genes mutS and mutL, respectively (5) (6) (7) (8) . Subsequently, mice harboring germ-line null mutations in Msh2, Msh6, Pms2, or Mlh1 were shown to be cancer prone, demonstrating various tumor spectra (reviewed in ref. 3) . Thymic lymphomas, but not nonthymic tumors, arising in Msh2-deficient mice carrying a transgenic lacI gene serving as a screen for subtle sequence changes demonstrated a mutant frequency that was elevated an average of about 8-fold compared with normal thymi (9, 10) . However, the lacI mutational spectrum in thymic lymphomas was not significantly altered relative to wild-type controls.
It is now appreciated that other cancer susceptibility syndromes, such as ataxia telangiectasia, Fanconi's anemia, Bloom's syndrome, xeroderma pigmentosum, and Li-Fraumeni syndrome, are associated with genetic instability attributable to defects in DNA damage response (reviewed in refs. 11 and 12). These heritable instabilities can occur at the nucleotide level, as when defects involve nucleotide excision and mismatch repair genes, as well as at the chromosome level, leading to changes in substantial portions of, or even whole, chromosomes. However, the vast majority of cancers arise with no obvious family history and without germ-line mutations in known DNA replication͞ repair genes. In these sporadic tumors, the role of genetic instability and the identity of genetic defects responsible for the creation of such states is largely unknown.
ErbB2, also known as Neu or HER2, is a member of the epidermal growth factor receptor (EGFR) family of receptor tyrosine kinases, together with the EGFR (ErbB1͞HER1), ErbB3 (HER3), and ErbB4 (HER4) (reviewed in refs. 13 and 14) . Although originally discovered as a highly oncogenic mutant in carcinogen-induced rat tumors (15) , this activated form is rarely found in human cancer. Instead, wild-type c-erbB2 is overexpressed and͞or amplified in 10-30% of breast cancers (16, 17) , where it correlates with chemo-resistance and poor patient prognosis (reviewed in refs. 18 and 19) . Notably, Herceptin, a mAb against ErbB2, has been found to be an effective treatment for a subset of patients with advanced breast cancer (20, 21) . Mouse models of breast cancer have been created through mouse mammary tumor virus (MMTV)-targeted expression of both wild-type and mutationally activated c-erbB2, confirming their oncogenic role in mammary carcinogenesis (22, 23) . Here we use a transgenic mouse model, relevant to human breast cancer by virtue of targeted aberrant overexpression of c-erbB2, to determine whether genetic instability is associated with mammary tumorigenesis in vivo in the absence of heritable defects in known DNA maintenance genes.
Mouse Strains. The ErbB2͞Big Blue bitransgenic mice used in these studies were generated by mating female mice carrying the MMTV-c-erbB2 transgene on a FVB͞N background (23) with male mice carrying a transgene consisting of multiple copies of the transgene (25) on a C57BL͞6 background (Big Blue Mouse; Stratagene). Crossing the FVB͞N-based ErbB2 transgenic mice onto C57BL͞6 lengthened mammary tumor latency in the F 1 generation to more than 18 months, as described (26) . All female mice experienced 2-4 pregnancies, a practice that stimulated the development of mammary tumors. Control mice were generated by mating wild-type FVB͞N and Big Blue transgenic mice. The genotypes of the F 1 generation were determined by PCR analysis of tail genomic DNA. Primers specific for the transgene were 5Ј-GTTATGACGAAGAA-GAACGG-3Ј and 5Ј-GCTCAAGAGCGATGTTAATT-3Ј. All animals were cared for and maintained in accordance with National Institutes of Health animal care guidelines.
cII Mutagenesis Assay. Genomic DNA was isolated from Big Blue mouse tissues with a RecoverEase DNA Isolation Kit (Stratagene).
cII mutagenesis assays were performed as described (24) . The LIZ shuttle vector was rescued from genomic DNA by using Transpack packaging extract (Stratagene). The packaged phages were adsorbed to G1250 and plated on TB1 plates according to instructions for the Select-cII Mutation Detection System for Big Blue Rodents (Stratagene). To determine the total titer of packaged sample, phage-infected G1250 cultures were incubated overnight at 37°C-the nonselective condition. To select for phage containing mutant cII genes, phage-infected G1250 cultures were plated and incubated at 24°C for 40-48 h, the conditions under which only phage containing a mutant cII gene commit to the lytic pathway and form plaques. The frequency of cII mutants was then determined by dividing the plaque number on the selecting plates by the plaque number on the nonselecting plates. The mutant frequency is expressed as the mean Ϯ SEM. Differences among mutant frequencies were tested for statistical significance by using a Student's t test.
DNA Sequence Analysis. cII mutant plaques were picked at random and eluted into SM buffer (50 mM Tris⅐HCl, pH 7.5͞10 mM MgSO 4 ͞0.01% gelatin͞0.2 NaCl). The entire 294-bp cII gene was PCR-amplified with Vent polymerase (New England Biolabs) under conditions designed to minimize mutations introduced by PCR. Sequencing was performed by using an Applied Biosystems model 310 automated DNA sequencer. Primer pairs used in PCR amplification and sequencing reactions were 5Ј-CTTGCTCAATTGTTATCAGC-3Ј and 5Ј-GTCA-TAATGACTCCTGTTGA-3Ј, and 5Ј-ACCACACCTATGG-TGTATGCA-3Ј and 5Ј-GTCATAATGACTCCTGTTGA-3Ј, respectively.
Tumor Transplantation. Portions of mammary adenocarcinomas arising in multiparous ErbB2͞Big Blue bitransgenic mice (FVB͞ N ϫ C57BL͞6 F 1 generation) were immediately snap-frozen for use in mutation analyses. For the generation of metastases, a piece of the primary tumor was either implanted s.c. onto the backs of athymic nude mice (NCR-NU) or smashed through a filter to make a single cell suspension, 1 ϫ 10 5 to 10 6 cells of which were immediately injected into the tail vein of nude mice without prior in vitro culturing. The resulting pulmonary metastases were then subjected to the cII mutagenesis assay.
Detection of cII Mutations in Vitro.
Primary low-passage BBM1 fibroblasts established from the Big Blue mouse harboring multiple tandom copies of the LIZ shuttle vector were used for transfection of pJ4⍀-based expression vectors. Fibroblasts were cotransfected with pcDNA and either the pJ4⍀ vector alone, the pJ4⍀ vector expressing wild-type ErbB2 (pJ4⍀-Neu), or the pJ4⍀ vector expressing mutationally activated ErbB2 (pJ4⍀-NT), and exposed to G418. After 2 weeks, the resistant pool and several individual clones were established. The cII mutant frequencies in these selected cells were determined as above. ErbB2 expression in these cells was assessed by using Western blotting. Confluent cells were lysed in RIPA-B buffer (20 mM sodium phosphate, pH 7.4͞150 mM NaCl͞100 mM sodium fluoride͞2 mM PMSF͞2 mM sodium orthovanadate͞protease inhibitor, Roche Molecular Biochemicals), and protein concentrations were determined by using the Bio-Rad protein assay. Fifty micrograms of protein of each sample was loaded onto Novex 4-20% Tris-glycine gels, subjected to electrophoresis, and transferred to poly(vinylidene difluoride) membranes. The p185 ErbB2 protein was visualized by using the mAb Ab-3 (Oncogene Research Products, Boston) and the ECL detection system (Amersham Pharmacia). The ErbB2-overexpressing cell line SKBR3 was used as a positive control.
Results

ErbB2͞Big
Blue bitransgenic mice were generated carrying both a transgene expressing wild-type c-erbB2 by virtue of an MMTV promoter (23) and the bacteriophage genome (25) . Mammary adenocarcinomas arising in multiparous ErbB2͞Big Blue bitransgenic mice between 14 and 25 months of age (mean age of 20.8 months) were subjected to mutational analysis using a now well-used transgenic shuttle phage assay that selects for phage containing forward mutations in the cII gene (24) . Mammary glands from female mice of an identical FVB͞N ϫ C57BL͞6 F 1 genetic background harboring the transgene alone failed to develop tumors and served as control tissue. Table 1 shows that the mean mutant frequency in 11 primary mammary adenocarcinomas (designated neu-1 through neu-11) was 29.8 Ϯ 3.3 ϫ 10 Ϫ5 (mean Ϯ SE), significantly greater (P Ͻ 0.005) than the corresponding mean mutant frequency in wildtype mammary epithelium (from Big Blue mice without the ErbB2 transgene, designated wt-1 through wt-7) of 13.4 Ϯ 1.0 ϫ 10 Ϫ5 . Individual tumors had mutant frequencies up to 3.4-fold greater than mean wild-type controls. The tumor mutant frequency was also significantly higher (P Ͻ 0.05) than that detected in contralateral mammary glands within the same animals, 19.5 Ϯ 2.1 ϫ 10 Ϫ5 (n ϭ 7). Six fragments from a single tumor (neu-2) each were subjected to cII analysis and found to possess equivalently high mutant frequencies (mean of 34.8 Ϯ 0.8 ϫ 10 Ϫ5 ), statistically indistinguishable from the original neu-2 test fragment (38.3 ϫ 10 Ϫ5 ). This result suggested that the observed elevation in mutant frequency was the consequence of an early genetic event in tumorigenesis, occurring before tumor cell clonal expansion. To determine whether further mutagenic enhancement was associated with late-stage tumor progression, we examined the cII mutant frequency in pulmonary metastases derived from a primary mammary adenocarcinoma (neu-10). The mean mutant frequency of 10 pulmonary metastases, 26.3 Ϯ 2.0 ϫ 10 Ϫ5 , was not significantly different from that of the original primary mammary tumor (18.0 ϫ 10 Ϫ5 ) or from s.c. transplants of that primary tumor (23.0 ϫ 10
Ϫ5
). These data are consistent with the hypothesis that primary mammary neoplasms arise in mice expressing the c-erbB2 transgene in the context of genetic instability, negatively impacting the ability of a cell to repair spontaneous DNA damage. To determine the nature of this genetic instability, mutant cII genes in tumor cells were scrutinized for any shift in mutational spectrum relative to wild-type tissue. The entire 294-bp cII gene was sequenced in 41 cII-mutants derived from various mammary glands taken from single transgenic mice, 33 from the neu-3 tumor, and 41 from the neu-6 tumor. Upon amplification, all plaques gave full-length PCR products, indicating that there were no large cII deletions. Approximately 80% of the samples sequenced contained detectable mutations in cII, all of which altered the amino acid sequence; the remainder were presumed to be mutations elsewhere in that enhances P R transcription (24, 27) . No sample was found to harbor more than one mutation in the cII gene. To ensure that only independent mutational events were being scored, mutations at the same nucleotide position occurring more than once in any tumor were excluded. Table 2 shows that within a collection of normal mammary tissues most cII mutations (66%) were transitions, predominantly of the G͞C to A͞T variety; the vast majority of these (95%) occurred at CpG islands. Only 29% of the cII mutations in normal tissue were transversions and 6% were frameshifts, consistent with other published data for the background mutational spectrum measured in mouse tissue (25, (28) (29) (30) . Detailed analysis of a contralateral mammary gland from one of the oldest tumor-bearing animals revealed a typical transition-dominated mutation spectrum, indicating the absence of any overt agedependent effect on mutagenesis (Table 2) . In striking contrast, transversions were the predominant mutational type in two independent tumors, neu-3 and neu-6, representing 57% and 56% of all cII mutations analyzed, respectively. G͞C to T͞A mutations represented approximately half of the total number of transversions in the tumors. Transitions in the tumor DNA were poorly represented relative to nontumorous tissue ( Table 2 ). The transversion mutation frequency was elevated 6.3-and 6.6-fold in the neu-3 and neu-6 tumors, respectively, relative to normal tissue; the transition mutation frequency was increased only Tissues are derived from: (neu-1 through neu-11) ErbB2͞Big Blue bitransgenic mice carrying both the MMTV-c-erbB2 transgene and a second transgene consisting of multiple copies of the bacteriophage genome; or (wt-1 through wt-7) phenotypically wild-type Big Blue single transgenic mice crossed once to FVB͞N mice. Note that although the wild-type group was substantially younger than the bitransgenic group, contralateral ''normal'' mammary tissues from seven tumor-bearing ErbB2͞Big Blue bitransgenic mice were subjected to cII mutation analyses and their collective mutant frequency was significantly lower than the frank tumors (P Ͻ 0.05). 
Identical mutations appearing at the same site in more than one phage were tabulated as a single mutational event.
about 1.8-fold. Frameshift mutations were not significantly altered, consistent with mismatch repair proficiency ( Table 2) . Mammary tumorigenesis in MMTV-c-erbB2 transgenic mice has already been shown to occur in association with activating in-frame deletions in the extracellular region proximal to the transmembrane domain of the transgene itself, resembling alternatively spliced forms of ErbB2 detected in some human breast tumors (31) . Further sequence analysis of primary mammary adenocarcinomas arising in these transgenic mice revealed the frequent occurrence of single nucleotide substitutions that invariably affected cysteine residues between amino acids 628 and 647 of ErbB2 (Table 3 ). The majority of these mutations were transforming in nature (data not shown). Notably, 60% of the independent tumors characterized by c-erbB2 substitutional mutations contained transversions, indicating that the unusually high incidence of transversions detected by cII analysis was not caused by an artifact associated with the ectopic placement of bacteriophage DNA in transgenic mouse cells, but could be found in bona fide mammalian sequences as well.
The fact that eight of 11 primary mammary tumors arising in ErbB2͞Big Blue bitransgenic mice demonstrated an enhanced mutant frequency of similar proportion raised the possibility that overexpression of c-erbB2 was sufficient to induce genetic instability. To test this hypothesis, vectors encoding either wild-type or activated c-ErbB2 were transfected into fibroblasts isolated from the -bearing Big Blue mouse. ErbB2 expression in stable clones of this transfection was found to be comparable to SKBR3, a human breast cancer cell line characterized by c-ERBB2 amplification͞overexpression, but somewhat lower than in the mammary tumors arising in MMTV-c-erbB2 transgenic mice (Fig. 1) . Analysis of cII mutations in representative stable clones grown over many cellular generations showed no general effect of either wild-type or activated c-erbB2 overexpression on mutagenesis, although one clone (Neu2) did exhibit an enhanced rate of cII mutation in culture (Fig. 2) . These data suggest that c-erbB2 overexpression may be necessary to induce this unusual genetic instability, but it is not sufficient.
Discussion
Acquisition of the full arsenal of mutations required to successfully build a cancer cell can be facilitated through deficiencies in genetic stability genes. A number of such genes have now been identified, mostly through their association with heritable cancer susceptibility syndromes, which function in DNA maintenance or cell cycle control (reviewed in refs. 3, 11, and 12). However, the identity of mutator genes that are not heritably deficient and their potential role in spontaneous tumorigenesis in vivo is largely unknown. In this study we used a cII-based mutation detection assay to examine subtle sequence genetic instability in cancer in vivo and show that the majority of sporadic mammary tumors arising spontaneously in mice carrying an MMTV-c- The first line shows the wild-type ErbB2 (Neu) amino acid sequence for the cysteine-rich region proximal to the juxtatransmembrane domain. The five cysteine amino acids are indicated in bold. All point mutations were isolated from independent mammary tumors (BT) or from a lung metastasis (Lg) of MMTV-c-erbB2 transgenic mice (N202). The altered amino acid change is shown in bold and is underlined. Note that all mutations either add or delete a cysteine residue. The corresponding nucleotide point mutations shown on the right are underlined and bold.
erbB2 transgene at a mean onset of 20 months possessed a significantly elevated frequency of forward mutations relative to wild-type mammary tissue. Notably, in contrast to recessive cancer susceptibility syndromes caused by defects in mismatch repair or nucleotide excision repair genes (3, 11, 12) , spontaneous tumors arising in this transgenic breast cancer model were associated with an enhanced incidence of transversion base substitutions, which are recovered less often than transitions in repair competent cells; frameshift mutations characteristic of mismatch repair deficiencies were rarely detected. Mismatch repair-associated microsatellite instability, common in patients with familial colorectal tumors such as hereditary nonpolyposis colorectal cancer (5) (6) (7) (8) , is thought to be relatively uncommon in breast cancer (32) . Moreover, Watanabe et al. (33) recently showed that single nucleotide mutations are frequently detected in human breast cancer cell lines in the absence of microsatellite instability. Interestingly, a relatively high incidence of transversions was recently reported for both a lacI transgene and the endogenous hprt gene in mammary carcinoma cell lines derived from PhIP-treated rats; two primary tumors from these rats had a similar mutation profile (34) . Together, these data suggest the existence of a novel type of genetic instability in mammary tumorigenesis under conditions of mismatch repair proficiency. Such tissue-specific mutagenesis could be fueled, for example, by oxidative damage associated with the generation of estrogen metabolites in the breast (reviewed in refs. 35 and 36) .
This genetic instability was not common to all mouse mammary carcinomas. We previously reported the absence of any overt mutator phenotype in mammary adenocarcinomas arising in MMTV-polyoma middle T transgenic mice (24) . Moreover, the unusual transversion-dominated mutation profile was not a consequence of aging, which has been shown to affect somatic mutations in specific mouse tissues (37) (38) (39) (40) , because aged normal contralateral mammary glands possessed a typical mutation spectrum dominated by transitions. In fact, our finding that all pieces from a single tumor had the same elevated mutant frequency suggested that this mutator phenotype arose as a relatively early event in tumorigenesis. These findings raise the possibility that the novel genetic instability observed in this mouse model was a direct consequence of chronic c-erbB2 overexpression. It is known that c-erbB2 overexpression, a relatively early event in human breast cancer pathogenesis, disrupts cell cycle checkpoints and facilitates evasion of drug-induced apoptosis (41, 42) . However, we could obtain no compelling evidence in cultured fibroblasts that forced c-erbB2 expression directly elevated cII mutations. Although we cannot exclude the possibility that ectopic c-erbB2 overexpression has a direct effect on mutagenesis in mammary epithelial cells, which express the ErbB2 signaling partners epidermal growth factor receptor and ErbB3, we believe it is more likely that through induction of mammary epithelial cell hyperplasia, early expression of the MMTV-c-erbB2 transgene creates an expanded population of mutational targets from which the genetic instability phenotype arises.
The mutator gene driving this novel genetic instability is not known. Our analysis indicates that transversions arising in the MMTV-c-erbB2 mammary tumors are predominantly of the G͞C to T͞A type. Interestingly, mutations in a small number of DNA repair genes that cause such transversions have been identified in single-cell organisms. For example, MutY͞MutM complexes act to prevent G͞C to T͞A transversions, and MutY mutations can induce this mutator phenotype in E. coli and Schizosaccharomyces pombe (43) (44) (45) . Similarly, deficiencies in Saccharomyces cerevisiae Rad6͞Rad18 complexes are associated with G͞C to T͞A mutations (46, 47) . These complexes all are involved in repair of oxidative DNA damage. Mammalian homologs of members of these complexes also have been cloned (48) (49) (50) (51) , and point mutations exhibiting dominant negative activity have been identified (45, 52) . Together, these findings predict that a single early dominant mutation in a specific DNA repair͞replication gene has the potential to create genetic instability in vivo, resulting in an accumulation of a transversiondominated spectrum of mutations throughout tumor latency and͞or in the context of a hypoxic tumor environment. It is anticipated that the identification of the transversion mutator gene(s) associated with ErbB2-induced mammary tumorigenesis, and the analysis of single nucleotide mutations in additional breast cancer mouse models, will provide critical insight into the molecular pathogenesis of breast cancer in general, and early initiating͞promoting events in particular. Such knowledge may aid in devising new diagnostic and therapeutic weapons in the war against this deadly disease.
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